1. Introduction {#sec1-life-09-00026}
===============

Preceding the discovery of the double-helical structure of DNA by more than a decade, the understanding of the metabolic roles of ATP and phosphoryl transfers was an essential step in the disclosure of the foundations of biochemistry by clarifying how energy is distributed and serves as a fuel for the achievement of the different functions of the cell \[[@B1-life-09-00026]\]. Biochemists observed that the phosphoryl group is essentially kept within the boundaries of the cell and constantly recycled through the energy-rich intermediates of the metabolism \[[@B1-life-09-00026]\]. The determining factor of the properties of phosphate derivatives lies in their negatively charged character, responsible for both their sequestration within compartments delimited by phospholipid membranes as a result of electrostatic forces and for their stability towards hydrolysis and other nucleophilic attacks. Such properties make them suited for their biochemical duties \[[@B2-life-09-00026]\]. Westheimer also emphasized "this remarkable combination of thermodynamic instability and kinetic stability" \[[@B3-life-09-00026]\]. He expressed how the specific physicochemical properties of these anions are so important for ensuring the different functions played by phosphoryl groups in living organisms: (1) as leaving groups for nucleophilic substitution universal in biology; and (2) as ionized groups useful to conserve metabolites within a compartment having a negatively charged boundary. The values of the pKa for the first ionization (ca. 1--2) \[[@B4-life-09-00026]\] are such that a negligible amount of the corresponding biochemicals remains uncharged at physiological pH values. As a result, nucleic acids are conserved within the vesicle as well as many other nucleotide derivatives in such a way that most components of their metabolism remain confined together in a limited volume. From a kinetic perspective, the rates of base-catalysed hydrolysis of phosphoryl derivatives are lowered by electrostatic destabilization of a negatively charged transition state. A noteworthy consequence of this lack of reactivity can be found in the fact that certain phosphate diesters undergo hydrolysis through C-O bond cleavage rather than by that of the P-O bonds \[[@B5-life-09-00026]\].

Though their physicochemical properties are adapted to modern biology in which enzymes are able to compensate for the low intrinsic reactivity of negatively charged phosphates mentioned above \[[@B3-life-09-00026],[@B6-life-09-00026]\], they usually result in sluggish spontaneous phosphoryl transfer reactions, constituting a drawback that probably hampered their selection as reactive intermediates at the chemical stage preceding the evolution of catalytic polymers. In the literature, several authors indeed considered the modern role of ATP in energy exchange as an acquired function and concluded that earlier chemical processes for energy transfer were needed for life to start \[[@B7-life-09-00026],[@B8-life-09-00026]\].

Building a reasonable scenario for the role of phosphate in the origin and early evolution of life needs therefore to answer two questions, namely: Which kind of reactions could have been prevalent at those stages? What kind of phosphate reactivity could take place spontaneously in the absence of enzymes? These questions become even more crucial taking into account the fact that early membranes, probably more permeable than those based on phospholipids, were less efficient in sequestrating anionic metabolites. No obvious selective advantage of derivatives involving phosphoryl groups can therefore be foreseen at the prebiotic stage when no efficient coded catalyst could compensate for the low intrinsic rates of most phosphoryl transfers. Low-valence phosphorus derivatives have been proposed as an alternative to provide a higher reactivity \[[@B9-life-09-00026],[@B10-life-09-00026],[@B11-life-09-00026],[@B12-life-09-00026]\]. Without prejudice to the actual relevance of this attractive possibility, our work is aimed at determining which chemical pathways could have been critical for the introduction of phosphate anhydrides and esters as intermediates in early biochemistry. Our main tenet is related to the importance of mixed anhydrides that can be formed from phosphates and high-energy carboxylic acid derivatives and that may have contributed to the distribution of energy in early metabolisms. The fact that phosphates could play a role in chemical and early biochemical evolution could therefore be related to a very peculiar chemistry having a limited relationship to the usual biochemical role of phosphate derivatives. Though the importance of phosphate chemistry in the structure and stability of biomolecules and biopolymers will be mentioned, this review is mainly focused on reactivity issues related to phosphoryl transfers and their potential contribution to the distribution of energy in protometabolisms or early biological metabolisms.

2. Phosphoryl Transfer Pathways {#sec2-life-09-00026}
===============================

2.1. Phosphate Esters {#sec2dot1-life-09-00026}
---------------------

At moderate pH, chemical transformations at the phosphorus centre of phosphoryl groups usually take place from the monoanion. However, there is a profound difference depending on the degree of substitution at phosphorus. The situation is clearly illustrated by the difference in reactivity between diesters and monoesters. Phosphodiesters are highly stable to hydrolysis largely because the presence of a negative charge at moderate and alkaline pH values constitutes a barrier towards nucleophilic attack, which can be appreciated by considering the alkaline hydrolysis of the simplest model of phosphodiester, dimethyl phosphate ([Figure 1](#life-09-00026-f001){ref-type="fig"}). In an unexpected way, this reaction takes place through a nucleophilic substitution at carbon rather than at phosphorus \[[@B5-life-09-00026]\]. The P-O bond of phosphodiesters is therefore almost unreactive towards hydrolysis at physiological pH values explaining why a phosphodiester backbone could have been selected by evolution for the long-term storage of information in DNA \[[@B13-life-09-00026]\]. We can conclude that the relevance of phosphate diesters to the origin or the early developments of life rather lies in their chemical resistance than in their reactivity. Making this reaction compatible with a protometabolism time scale would require the lifetime of phosphodiesters to be reduced from tens of million years into days \[[@B14-life-09-00026]\]. Such values of rate enhancement exceeding 10^8^ are only accessible through catalysis by enzymes. Simple chemical catalysts could hardly reach that efficiency except intramolecular reactions in which the proximity of reacting groups can compensate for the kinetic barriers \[[@B15-life-09-00026]\]. The well-known instability of RNA compared to that of DNA precisely lies in the presence of a hydroxyl group at the ribose 2′-position capable of provoking a cleavage of the internucleotidic linkage intramolecularly. This observation supports the importance of intramolecular processes before the advent of enzymes \[[@B16-life-09-00026],[@B17-life-09-00026],[@B18-life-09-00026]\].

Monoesters such as methyl phosphate \[[@B5-life-09-00026]\] behave in a completely different way and are much less stable than diesters at neutral and mildly acidic pH values. In contrast with the reaction of phosphodiesters corresponding to an associative mechanism, monoesters are cleaved through dissociative transition states resembling the resonance-stabilized metaphosphate ion (PO~3~^−^, [Figure 2](#life-09-00026-f002){ref-type="fig"}) \[[@B19-life-09-00026],[@B20-life-09-00026]\]. There has been a long-lasting debate on the actual lifetime of the metaphosphate ion, which may not be sufficient for it to be considered as a true intermediate and the dissociative nature of the reaction pathway has been disputed on theoretical grounds \[[@B21-life-09-00026]\]. Anyway, it can be acknowledged that resonance stabilization plays a role at the transition state so that the hydrolysis of phosphate monoesters is ca. 6 orders of magnitude faster than the corresponding reaction of diesters assessed using substrates unable to undergo substitution at carbon \[[@B13-life-09-00026]\].

In spite of a faster reaction, phosphate mono-alkyl esters still present lifetimes (measured in tenth of years at moderate values of pH and temperature \[[@B13-life-09-00026]\]) incompatible with a role of reactive intermediates of a metabolism. However, this stability is the basis of their role of constituents of basic structures of the cell such as phosphatidic acids as components of the membranes and other metabolites bearing an anionic charge, allowing them to remain sequestrated within the boundaries of the cell \[[@B3-life-09-00026]\].

2.2. Phosphate Anhydrides {#sec2dot2-life-09-00026}
-------------------------

The presence of a much better leaving group in phosphate anhydrides tends to increases their reactivity. However, it must be taken into account that this effect is offset in anhydrides such pyrophosphate and ATP ([Figure 3](#life-09-00026-f003){ref-type="fig"}) by the presence of 3 or 4 negative charges at moderate pH values, rendering these activated species spontaneously almost non-reactive towards nucleophilic attack since it hinders the development of more negatively charged transition states. Therefore, most reactions of these high-energy intermediates require catalysis to take place at rates compatible with the time scale of a metabolism. In the living world, this limited reactivity results in a kinetic stabilization and the reactivity of ATP can be orientated towards specific paths by enzymes like kinases, which are responsible for many cellular functions and for the role of ATP as an energy currency. With regards to the origin of life, an advantage can hardly be expected from this exceedingly limited reactivity due to the lack of selective catalysts for many phosphorylation processes. Pyrophosphate and more generally polyphosphates would suffer from a similar lack of reactivity making their involvement in prebiotic chemistry and early biological evolution questionable even though that contribution to the chemistry of the origins of life has been proposed in many instances \[[@B22-life-09-00026],[@B23-life-09-00026],[@B24-life-09-00026],[@B25-life-09-00026],[@B26-life-09-00026],[@B27-life-09-00026],[@B28-life-09-00026],[@B29-life-09-00026],[@B30-life-09-00026]\]. Independently of the limitations to their possible role of energy currency, a similar difficulty related to the lack of enzyme catalysts has been raised when considering the biochemical use of nucleoside triphosphates as activated monomers for RNA oligomerization \[[@B31-life-09-00026]\].

2.3. Phosphate Mixed Anhydrides {#sec2dot3-life-09-00026}
-------------------------------

Acyl phosphates are among the more potent activated biochemicals \[[@B32-life-09-00026]\]. Values of their free energy of hydrolysis at pH 7 (Δ*G*°') reach −43 kJ mol^−1^ for acetyl phosphate \[[@B33-life-09-00026]\]. By contrast with ATP and pyrophosphate, acyl phosphates and acyl adenylates bear a single negative charge at mildly acidic pH values and benefit to a much lesser degree from the kinetic stabilization that inhibits the increase of negative charge at the transition state of the reactions with nucleophiles including water and hydroxide ion. This limitation is likely to be even less stringent for mixed anhydrides of inorganic phosphate that can be cleaved through a dissociative mechanism, in which resonance stabilization occurring within a transition state resembling metaphosphate ion replaces the interaction with the nucleophile as the main driving force \[[@B34-life-09-00026]\].

Indeed, aminoacyl phosphates ([Figure 4](#life-09-00026-f004){ref-type="fig"}) were shown to undergo a cleavage of the P-O bond and constitute efficient phosphorylating agents \[[@B35-life-09-00026]\]. Mixed anhydrides with phosphate monoesters like acyl adenylates remain hydrolytically unstable and susceptible to spontaneously undergoing reactions with other nucleophiles at the carboxyl moiety. These mixed anhydrides can be formed as intermediates in the reactions of various acyl donors including activated esters \[[@B36-life-09-00026],[@B37-life-09-00026],[@B38-life-09-00026]\], thioesters \[[@B39-life-09-00026],[@B40-life-09-00026]\], or anhydrides \[[@B37-life-09-00026],[@B41-life-09-00026]\]. The biochemically essential acetyl phosphate can for instance be formed photochemically by oxidation of the thioacid \[[@B42-life-09-00026]\]. A similar reaction of thioacetate has recently been reported to occur in limited yields in a hydrothermal context \[[@B43-life-09-00026]\] without mention of the possibility of photo-oxidation \[[@B42-life-09-00026]\]. Amino acyl adenylates ([Figure 4](#life-09-00026-f004){ref-type="fig"}) deserve a particular mention because of their role in protein biosynthesis. Their degree of activation has been assessed in the case of Tyr-AMP to a value of Δ*G*°' = −70 kJ mol^−1^ \[[@B44-life-09-00026]\] much higher than that observed for simple acyl phosphates and that exceeds the values observed for the main intermediates of energy metabolism including phosphoenol pyruvate. Amino acyl adenylates are formed biochemically by the reaction of amino acids with ATP. However, because of the endergonic character of the reaction, amino acyl adenylates usually remain sequestrated in the active site of aminoacyl-tRNA synthetases, the enzymes that are responsible for their formation from ATP and for the further aminoacylation of tRNA \[[@B45-life-09-00026]\]. Abiotically, the formation of mixed anhydrides through a similar reaction of phosphate anhydrides with unprotected amino acids can therefore be considered as unlikely for thermodynamic reasons in addition to the sluggish kinetic availability of ATP due to its multiple negative charges. Therefore, science has to solve the paradox of the initial formation of aminoacyl-adenylates required for the evolution of translation but impossible from ATP without enzymes. That paradox requires the occurrence of alternative pathways \[[@B46-life-09-00026],[@B47-life-09-00026]\]. This possibility has experimentally been supported by the observation that two categories of prebiotically plausible activated derivatives of α-amino acids undergo spontaneous conversion into aminoacyl adenylates or related mixed anhydrides. 5(4*H*)-Oxazolones, formed as a result of the strong activation of acylated amino acids or peptides, have demonstrated an ability to be converted spontaneously into mixed anhydrides in the presence of inorganic phosphate or phosphate esters \[[@B48-life-09-00026],[@B49-life-09-00026]\]. These reactions yield peptidyl- or acyl-substituted products but derivatives with a free amino group can be obtained directly by the analogous reaction of amino acids *N*-carboxyanhydrides (NCAs) \[[@B35-life-09-00026],[@B50-life-09-00026],[@B51-life-09-00026]\]. NCAs have been proposed as plausible activated forms of amino acids under prebiotic conditions and several potential pathways are available for their formation \[[@B46-life-09-00026],[@B52-life-09-00026],[@B53-life-09-00026],[@B54-life-09-00026],[@B55-life-09-00026]\]. It is worth emphasizing that any reaction involving phosphate as well as its monoesters as nucleophiles and activated carboxylic acids would be facilitated rather than kinetically inhibited by phosphate negative charges, which avoids the need for catalysis for an abiotic process. A potential role for these intermediates in the chemical processes associated with the development of life is therefore highly likely, provided that carboxylic acid activation into high-energy intermediates is possible in that environment. Since NCAs are formed rapidly from most other forms of activated α-amino acids having a free amino group in aqueous media containing carbon dioxide \[[@B52-life-09-00026]\], the prebiotic relevance of phosphate mixed anhydrides of amino acids should be recognized provided that phosphate is available. However, the fast reverse reaction of carbon dioxide also prevails from phosphate mixed anhydrides of α-amino acids, which are converted back into NCAs rapidly \[[@B48-life-09-00026],[@B56-life-09-00026]\]. Though present to a lesser degree than in polyphosphates like ATP or pyrophosphate, the negative charge of phosphate esters mixed anhydrides reduces their reactivity with nucleophiles so that the reaction pathway may involve a prior conversion into neutral (and therefore highly reactive) NCAs rather than a direct reaction of amino acid phosphate anhydrides ([Figure 5](#life-09-00026-f005){ref-type="fig"}). Accordingly, the polymerization of aminoacyl adenylates into peptides takes place through the NCA pathway \[[@B48-life-09-00026]\] rather than from a direct polymerization as proposed earlier \[[@B57-life-09-00026]\].

The role of phosphate mixed anhydrides in the development of life should therefore be analysed by taking into account two counteracting factors: (1) a less important kinetic stabilization by negative charges as compared to polyphosphates; and (2) but a relative stabilization compared to neutral highly reactive activated acyl precursors. Generally no kinetic advantage is therefore to be expected from a reaction of mixed anhydrides compared to activated acyl precursors as in the case of the formation of peptides in which the fast polymerization of NCAs competes favourably with the polymerization of mixed anhydrides \[[@B48-life-09-00026]\]. However, in some cases their reactivity could be advantageous as probably in the case of the aminoacylation of the 3′(2′)-end of RNA for which NCA proved to be inefficient \[[@B58-life-09-00026]\]. Examples of an advantageous role of mixed anhydrides have been observed from their involvement as intermediates undergoing a fast intramolecular acyl transfer as in the formation of esters with ribonucleotides \[[@B50-life-09-00026],[@B56-life-09-00026],[@B59-life-09-00026],[@B60-life-09-00026]\]. Phosphate moieties could indeed act as handles capable of reacting with activated acyl moieties and then to intramolecularly transfer the acyl group to a poor nucleophile thanks to the entropic advantage of intramolecular processes \[[@B16-life-09-00026],[@B61-life-09-00026]\]. This property provides a rationale for the selection of mixed anhydrides in the evolutionary process. On the other hand, the easy conversion of activated acyl derivatives including those of α-amino acids into phosphate mixed anhydrides might be considered as an early example of how free energy could be exchanged between the chemistries of α-amino acids and that of nucleotides predating the role of ATP as an energy currency \[[@B46-life-09-00026],[@B47-life-09-00026]\]. Thioesters constitute other activated acyl derivatives that yield phosphate mixed anhydrides by interaction with phosphate. Pathways leading to their formation from carbon chemistry have been proposed \[[@B62-life-09-00026]\]. This contribution could be important for many thioesters with the exception of α-amino acid thioesters that are rapidly converted into NCAs in the presence of CO~2~ or bicarbonate \[[@B52-life-09-00026]\] so that their reactivity cannot be considered as different from that of other activated α-amino acid derivatives.

2.4. Phosphoramidates {#sec2dot4-life-09-00026}
---------------------

The chemical interaction of free α-amino acids with activated phosphates can also yield phosphoramidate derivatives by nucleophilic reaction of the amino group ([Figure 6](#life-09-00026-f006){ref-type="fig"}). By contrast with the behaviour of carboxylic acid derivatives, phosphoramidates are more reactive than phosphate esters and correspond to an activated state of phosphate, which has been illustrated by the ability of some of them to behave as polymerase substrates for the synthesis of DNA \[[@B63-life-09-00026],[@B64-life-09-00026],[@B65-life-09-00026],[@B66-life-09-00026],[@B67-life-09-00026],[@B68-life-09-00026]\]. In addition to that ability in enzyme reactions, *N*-phosphoryl amino acids proved to be capable of yielding both phosphate esters and polypeptides through spontaneous reactions in aqueous solution \[[@B69-life-09-00026],[@B70-life-09-00026],[@B71-life-09-00026]\]. Lastly an intermediate role has been proposed for phosphoramidates in the polymerization of amino acid promoted by EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) in the presence of nucleotides \[[@B72-life-09-00026],[@B73-life-09-00026]\]. A contribution of phosphoramidates to prebiotic chemistry and early biochemistry can therefore be considered as highly likely as soon as powerful activating agents were present. Interestingly, activating agents based on phosphoramidate moieties have been proposed in an origin of life context \[[@B74-life-09-00026],[@B75-life-09-00026],[@B76-life-09-00026],[@B77-life-09-00026]\]. In addition to being involved as intermediates in the formation of biopolymers, it is worthy to note that chemical ligations as well as template-directed polymerization proved to proceed more easily using modified nucleotides bearing an amine nucleophile instead of the the 3′-hydroxyl group yielding phosphoramidate linkages owing to the increased nucleophilic power of amines compared to alcohols \[[@B78-life-09-00026],[@B79-life-09-00026],[@B80-life-09-00026],[@B81-life-09-00026],[@B82-life-09-00026]\]. The facilitated nucleotide polymerization has allowed major studies of the replication process proceeding in the absence of enzymes \[[@B31-life-09-00026],[@B83-life-09-00026],[@B84-life-09-00026],[@B85-life-09-00026]\]. It could also be considered as a basis for the formation of mixed structures \[[@B60-life-09-00026],[@B86-life-09-00026]\] involving both amino acids and nucleotides bound through ester and phosphoramidate linkage with an unexpected lifetime for aminoacyl esters ([Figure 6](#life-09-00026-f006){ref-type="fig"}) \[[@B60-life-09-00026]\].

3. Which Phosphate Derivatives Could Play A Role as Early Energy Currencies? {#sec3-life-09-00026}
============================================================================

The availability of free energy is crucial for self-organization to maintain a system in a far from equilibrium state \[[@B87-life-09-00026]\]. However, this energy must not be dissipated directly through a linear spontaneous process in order that work can be carried out. In other words, as Eschenmoser \[[@B88-life-09-00026],[@B89-life-09-00026]\] emphasized using a different terminology, the chemical environment must be held far from equilibrium by kinetic barriers. From this point of view, the kinetic stability of ATP makes it a unique component of metabolism. ATP is well known for its ability to act as an energy currency that it is constantly synthesized and used up by hydrolysis into ADP and inorganic phosphate \[[@B1-life-09-00026]\]. An open question with respect to early metabolism is related to the probable inability of ATP to play this role and, consequently, to the possible existence of others chemicals acting as substitutes. In earlier reports, a body of evidence was gathered to support the idea that ATP could not be involved as an energy source for the development of translation \[[@B46-life-09-00026],[@B47-life-09-00026]\]. This conclusion was mainly based on the observation that there is no chemical (non-enzymatic) path available for the conversion of ATP into amino acid adenylates for both thermodynamic and kinetic reasons. Namely, the free energy potential of ATP is unable to afford significant concentrations of adenylates at equilibrium with amino acids in the presence of ATP and the thermodynamically favourable reverse reactions yielding ATP from adenylates and pyrophosphate do not spontaneously take place and require the presence of enzymes.

Considering the properties required for a chemical species to act as an energy currency ([Figure 7](#life-09-00026-f007){ref-type="fig"}) should be helpful in identifying alternatives. A first requirement corresponds to a far from equilibrium state meaning that the thermodynamic potential of the currency makes it able to dissipate energy in the environment. Potential energy currencies can therefore be considered on the basis of their thermodynamic potential (see [Table 1](#life-09-00026-t001){ref-type="table"}). However, dissipation must be hindered by kinetic barriers so that the energy currency can act as an activating agent able to produce work by delivering energy to other components of the system ([Figure 7](#life-09-00026-f007){ref-type="fig"}). This second condition, which could seem somewhat contradictory with the preceding one, corresponds to the need for kinetic stability of the potential candidate that must be able to transfer its energy to a recipient chemical system with rates faster than, or at least competing with, those at which its potential is dissipated in the environment through breakdown processes (e.g., by direct hydrolysis). As far as non-living systems are concerned, limited possibilities of *selective* catalytic pathways are available to make reactions rates consistent with the time scale of the system *without increasing those of dissipation pathways*. In spite of the fact that they have been proposed as early analogues of ATP, polyphosphates including pyrophosphate fail to fulfil that latter kinetic requirement. Therefore, both the above-mentioned inability to activate amino acids into adenylates and a poor spontaneous reactivity can be considered as indications that pyrophosphate and other polyphosphates could hardly play a role in energy transduction in early metabolisms unless efficient catalytic pathways for the transfer of their energy are found in the future. Anhydrides bearing less negative charges would react faster, which supports a potential role of carboxylic-phosphoric mixed anhydrides. From an energy perspective, a thermodynamic potential sufficient to allow for the formation of aminoacyl adenylates was required for the emergence of translation and more precisely for the evolution of aminoacyl-tRNA synthetases (aaRS) that use amino acids activated as adenylates. Amino acid *N*-carboxy anhydrides (NCAs) have been proposed as essential intermediates in this context \[[@B46-life-09-00026],[@B47-life-09-00026],[@B90-life-09-00026]\]. NCAs were identified as reagents capable of providing adenylates without requiring catalysis by enzymes \[[@B50-life-09-00026],[@B51-life-09-00026]\]. The value of their free energy of hydrolysis at pH 7 (Δ*G*°' = ca. −60 kJ mol^−1^ \[[@B46-life-09-00026]\]) associated with a spontaneous reaction with phosphate and phosphate mono-esters makes them likely precursors of mixed anhydrides, including adenylates. The inability of ATP to provide adenylates in a similar way shows that another reagent played its role or that no reagent played the role of universal energy currency. However, some of the species of [Table 1](#life-09-00026-t001){ref-type="table"} having a high potential, could be formed abiotically or at least without requiring catalysis, some of them, including acetyl phosphate (as other acyl and aminoacyl phosphates) and carbamyl phosphate, indeed still play a role in biochemistry. They could be considered as possible alternative energy shuttles between different systems, notably able to yield mixed anhydrides required for different metabolic functions in early living organisms, without reaching the status of universal energy currency as ATP in evolved living system.

4. The Question of Prebiotic Phosphorylation {#sec4-life-09-00026}
============================================

The abiotic formation of phosphorylated metabolites is a central issue in prebiotic chemistry and comprehensive reviews dealing with this question and providing a list of reagents relevant to the origin of life context have been published \[[@B92-life-09-00026],[@B93-life-09-00026]\]. The possibility of a contribution of phosphates to prebiotic chemistry and the origin of life should have been limited by the availability of phosphate or other phosphorus containing intermediates (including low valence derivatives). Solution phosphorylation would for instance be limited by the solubility of phosphate, which is strongly reduced in the presence of di- or tri-valent cations \[[@B30-life-09-00026]\]. As these ions were likely present in the environment on the prebiotic Earth, the low content of phosphate in solution should be considered as unfavourable to phosphorylation. However, the low availability of phosphate in an ocean could be compensated in some cases by the favourable effect of cations on the phosphorylation reaction. A phosphorylation process involving cyanate as an activating agent and precipitated apatite was reported as a realistic pathway in prebiotic chemistry, which means that the reaction can take place on the surface of the solid \[[@B23-life-09-00026]\]. The activation of inorganic phosphate can take place by reaction with energy-rich chemicals ([Table 2](#life-09-00026-t002){ref-type="table"}).

Cyanamide dimer \[[@B95-life-09-00026]\] or cyanate \[[@B96-life-09-00026],[@B97-life-09-00026]\] are able to promote the formation of reactive adducts with inorganic phosphate that subsequently act as phosphoryl donors, very probably through a dissociative pathway involving a resonance-stabilized transition state ([Figure 8](#life-09-00026-f008){ref-type="fig"}).

The reaction of cyanate is well-documented, yielding carbamyl phosphate as a transient species upon reaction with inorganic phosphate \[[@B96-life-09-00026],[@B97-life-09-00026]\]. Then the intermediate decays either through hydrolysis yielding eventually CO~2~ and NH~3~ or through an elimination pathway specific of the mono-anion \[[@B98-life-09-00026],[@B99-life-09-00026]\] and reverting cyanate ([Figure 9](#life-09-00026-f009){ref-type="fig"}).

The overall process constitutes a catalytic pathway of hydrolysis of cyanate quite similar to that observed for carbonate and dicarboxylic acids, initially reported to involve general acid catalysis \[[@B100-life-09-00026]\], but later proven to actually correspond to nucleophilic catalysis \[[@B101-life-09-00026]\]. Carbamyl phosphate can also be prepared photochemically from Fe(CN)~6~^3−^ and is able to promote the formation of ATP or acetyl phosphate \[[@B102-life-09-00026],[@B103-life-09-00026],[@B104-life-09-00026]\].

The most important limitation for the formation of phosphate monoesters in diluted aqueous solution lies in the usual low selectivity of the reaction of alcohols compared to that of water in large excess that outcompetes that of diluted substrates. A very attractive possibility to solve this issue lies in the use of chemical catalysis. The condensation of aldehydes with diamidophosphate provides a pathway to regioselectively phosphorylate glycoaldehyde and other aldoses very efficiently through an induced intramolecular pathway \[[@B74-life-09-00026],[@B75-life-09-00026],[@B76-life-09-00026],[@B77-life-09-00026]\]. Phosphoryl transfer in a supramolecular environment has also been useful to promote selective phosphorylation \[[@B105-life-09-00026],[@B106-life-09-00026]\].

Performing the reaction under dehydrating conditions under the effect of heat has been considered as another possibility to avoid dilution in aqueous solution. Heating mixtures of reagents to temperatures above 80 °C in the presence of ammonium formate \[[@B27-life-09-00026]\], or formamide \[[@B107-life-09-00026]\] proved to be efficient though the regioselectivity was limited. Since its first mention \[[@B108-life-09-00026]\], urea has been used in many instances to perform phosphorylation of nucleotides \[[@B109-life-09-00026]\] or long-chain alcohols \[[@B110-life-09-00026]\] under the effect of heat. It is worth noting that reactions in urea-inorganic phosphate mixtures proceed faster than with the other additives. No definitive answer has been given to the actual pathway through which urea promotes phosphorylation. Phosphoramidate or carbamyl phosphate intermediates \[[@B108-life-09-00026]\] have been mentioned as possible actual phosphorylating species. An activated intermediate of unknown nature has also been proposed \[[@B109-life-09-00026]\]. Other explanations involve nucleophilic \[[@B93-life-09-00026],[@B111-life-09-00026]\] or acid--base \[[@B112-life-09-00026]\] catalyses. A more likely explanation has been proposed \[[@B113-life-09-00026]\] that takes into account the easy breakdown of urea into cyanate at high temperature \[[@B114-life-09-00026]\]. This ability of urea independently accounts for the formation of amino acids *N*-carboxyanhydrides in hot aqueous solutions from urea \[[@B55-life-09-00026]\]. It would however mean that the activity of urea for promoting phosphorylation is the result of a stoichiometric rather than catalytic reaction involving cyanate as an activating intermediate and carbamyl phosphate as the actual phosphorylating agent ([Figure 9](#life-09-00026-f009){ref-type="fig"}).

5. Conclusions {#sec5-life-09-00026}
==============

This review focuses on the specific features of phosphoryl group reactivity that raise constraints on the prebiotic and early biochemical pathways involved in the origin of life and its early developments. The charge of phosphate moieties constituted a determining advantage for sequestrating substrates as soon as phospholipids, fatty acids or other negatively charged amphiphiles were present and able to form membrane-delimited compartments. Another essential biochemical consequence of this charge is the resistance of phosphate moieties to nucleophilic reactions and most notably to base-catalysed hydrolysis that is hindered by repulsive electrostatic interactions at the transition state. The later advantage is fully operational in modern biology because of the evolution of highly effective and selective enzymes. However, it constituted very probably a strong limitation in chemical systems having limited possibilities of selective catalysis. Therefore, the early role of phosphate-derived species is more likely to be the result of their lack of reactivity than that of possibilities of transferring energy between metabolic subsystems. We therefore conclude that the role of ATP as a universal energy currency is unlikely to be an early invention of life. In spite of these limitations, it is possible to depict the possibilities opened by phosphate chemistry at an early stage just by considering its specific reactivity. Though their role could be limited to specific processes, mixed anhydrides could have played a role in transferring energy from the chemistry of amino acids to that of nucleotides being essential in the emergence of translation. More generally, pathways for the phosphorylation of nucleosides and hydrophobic alcohols are available in an origin of life context. As mentioned above, a very important property of phosphate derivatives such as phosphate esters is their reduced kinetic reactivity. This property has certainly been selected for information storage and is a major reason for the selection of the phosphodiester-based nucleic acid backbone, which is expressed at the highest degree in DNA. It could additionally be considered that the lack of reactivity of phosphate esters is also revealed by the difficulty in building the phosphodiester bond. Imidazolides and their derivatives have been considered in many RNA world experiments as convenient activated monomers for RNA polymerization \[[@B115-life-09-00026]\] rather than the biochemical triphosphate substrates. This possibility is supported by new reports on the relevance of the abiotic synthesis of imidazole derivatives under early Earth conditions as well as to their specific reactivity \[[@B31-life-09-00026],[@B116-life-09-00026]\].
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![Hydrolysis of phosphate diesters. Nucleophilic attack can take place at carbon or phosphorus depending on the degree of substitution at carbon.](life-09-00026-g001){#life-09-00026-f001}

![The dissociative pathway of phosphoryl transfer in the hydrolysis of phosphate monoesters. A metaphosphate ion (PO~3~^−^) intermediate or at least resonance stabilization at the transition state is involved in the reaction.](life-09-00026-g002){#life-09-00026-f002}

![ATP and pyrophosphate have been proposed as prebiotic energy currencies, in spite of the kinetic barrier hindering their reactions with nucleophiles at moderate pH values at which they are negatively charged.](life-09-00026-g003){#life-09-00026-f003}

![Amino acyl phosphates and aminoacyl adenylates are highly activated biochemicals.](life-09-00026-g004){#life-09-00026-f004}

![Phosphate esters mixed anhydrides suffer from stabilization against reaction with nucleophiles as other phosphate derivatives. The pathway involving *N*-carboxyanhydrides (NCAs) as intermediates must be taken into consideration as soon as CO~2~ is present in the atmosphere, even at low levels.](life-09-00026-g005){#life-09-00026-f005}

![Phosphoramidate derivatives of amino acids and the ester- and phosphoramidate-based structures constituting the basis of prebiotically plausible copolymers.](life-09-00026-g006){#life-09-00026-f006}

![An energy currency (activated form EC\*) formed from a currency precursor (CP) requires a high free energy potential and pathways available to transfer energy between different processes faster than the dissipation of energy. Energy currencies must therefore comply with kinetic and thermodynamic requirements.](life-09-00026-g007){#life-09-00026-f007}

![Phosphorylation can by promoted by electrophilic activating agent capable of generation an intermediate capable of transferring the phosphoryl group to an acceptor nucleophile through a metaphosphate or, at least, resonance-stabilized intermediate.](life-09-00026-g008){#life-09-00026-f008}

![Cyanate-promoted phosphorylation through a carbamyl phosphate intermediate.](life-09-00026-g009){#life-09-00026-f009}

life-09-00026-t001_Table 1

###### 

Values of the free energy of hydrolysis at pH 7 for different phosphate-based energy-rich biochemical metabolites.

  Reagent                Product(s)           Δ*G*°' kJ mol^−1^   Reference
  ---------------------- -------------------- ------------------- --------------------------
  PPi                    2 Pi                 −19                 \[[@B33-life-09-00026]\]
  ATP                    AMP + PPi            −32.2               \[[@B33-life-09-00026]\]
  ATP                    ADP + Pi             −30.5               \[[@B33-life-09-00026]\]
  Acetyl phosphate       AcOH + Pi            −43.1               \[[@B33-life-09-00026]\]
  Carbamyl phosphate     CO~2~ + NH~3~ + Pi   ca. −51 ^1^         \[[@B33-life-09-00026]\]
  Aminoacyl phosphate    Amino acid + Pi      ca. −50             \[[@B91-life-09-00026]\]
  Aminoacyl adenylate    Amino acid + AMP     −70                 \[[@B44-life-09-00026]\]
  Phosphoenol pyruvate   Pyruvate + Pi        −62                 \[[@B33-life-09-00026]\]

^1^ Value determined at pH 9.5.

life-09-00026-t002_Table 2

###### 

Values of the free energy of hydrolysis at pH 7 for different potential phosphate activating agents available in the literature.

  Reagent            Product(s)           Δ*G*°' kJ mol^−1^   Reference
  ------------------ -------------------- ------------------- --------------------------
  HNCO               CO~2~ + NH~3~        −54                 \[[@B91-life-09-00026]\]
  Urea               CO~2~ + NH~3~        −28                 \[[@B91-life-09-00026]\]
  Cyanamide          Isourea              −83                 \[[@B94-life-09-00026]\]
  Carbodiimide       Isourea              −97                 \[[@B94-life-09-00026]\]
  Acetic anhydride   Acetic acid          −91                 \[[@B33-life-09-00026]\]
  NCA                Amino acid + CO~2~   −60                 \[[@B46-life-09-00026]\]
